Pulmonary hypertension syndrome or ascites is a complex problem in poultry production. This disease has multiple causes, including genetic factors (genotype, sex) and non-genetic factors (altitude, improper egg incubation, ambient conditions in the poultry house, diet, etc.). Results from numerous studies have shown that improper diet and its interaction with other factors are among major reasons for the incidence of ascites symptoms. The objective of this study was to highlight major nutritional aspects related to pulmonary hypertension syndrome in broiler chickens. Therefore, particular attention should be paid to the dietary levels of antioxidant compounds, some minerals, energy and protein, feed forms, type of diet, and feed supplementation with ingredients which reduce the incidence of ascites.
Introduction
Over the last half century, intensive selection work in broiler production has led to great changes in broiler production parameters (daily weight gain, feed consumption, feed conversion ratio), as well as in the quantitative and qualitative characteristics of dressed carcasses.
Heavy strains of broilers produced today are characterised by intensive rapid growth, low mortality rates, low feed intake per unit of weight gain, excellent adaptability to intensive production conditions, good resistance and vitality, rapid feathering, white feathers, strong physique, long wide breast muscles and short leg muscles, good body conformation, intensive basal metabolism, increased meat yielddressing percentage, increased proportion of breasts, and distinct skin pigmentation.
Modern broiler strains have huge problems associated with all nutritional ingredientsenergy, protein, amino acids, macro-and microelements, and vitamins.
Selection for rapid growth in broilers primarily requires the use of feeds rich in nutrients, principally energy and protein, and intensive feed consumption. This leads to increased rates of nutrient digestion and metabolism, and hence a greater cardiovascular and respiratory load. The intensification of metabolism demands a large amount of oxygen. However, as the cardiopulmonary system is unable to keep up with the increased oxygen demand, lack of oxygen i.e. hypoxia and pulmonary hypertension occur in the body. All these disorders consequently lead to ascites or pulmonary hypertension syndrome (PHS). This disease is also called "water belly". As it seems, lung volume in broilers has reached its limit to the blood flow that can be accommodated; therefore, further improvement in growth rate will require increasing the capacity of both the lungs and the abdominal cavity (Julian, 1993) .
Ascites is a widespread, highly complex problem in poultry production. It is estimated that the annual damage from this disease worldwide is about 1 billion $ (Maxwell and Robertson, 1997) , and that about 5% of broilers and 20% of roaster chickens die of ascites (Balog, 2003) .
Chickens with ascites have distended abdomens, respiratory distress and cyanosis. Breast muscles turn dark, and up to 300 ml of clear yellow fluid with clots of fibrin is pooled in the distended abdominal cavity. The right half of the heart is enlarged, dilated and hypertrophic. The liver is grey and enlarged. The lungs are oedematous. At slaughter, carcasses of these chickens are discarded as unusable (Maslić-Strižak et al., 2012) . Ascites is the accumulation of excess lymph in the peritoneal space (Julian, 1993) . As lung capacity in ascites does not increase in proportion to body mass, this disorder leads to hypoxia, hypercapnia and respiratory acidosis (Surai, 2000) .
Ascites is induced by multiple (genetic and non-genetic) factors, and not by a single factor, but generally by a combination of factors.
Ascites

Egg incubation
Improper egg incubation, accompanied by problems such as high or low temperature in the incubator and variable concentrations of O 2 and CO 2 during incubation, is a potential cause of ascites in chickens (Julian, 2000; Franciosini et al., 2012) .
Ambient conditions
Poor ambient conditions in the chicken house, including low temperatures and the associated stress and temperature fluctuations, cause ascites. In their study on growth, carcass characteristics, and incidence of ascites in broilers exposed to environmental fluctuations and oiled litter, McGovern et al. (2000) determined that the rate of ascites-induced mortality was higher (6.3%) in chickens exposed to temperature fluctuations than in those exposed to control temperature (4.6%), but no significance was observed. Also, Bendheim et al. (1992) found the highest rate of ascites-induced mortality in birds fed pelleted feed and exposed to cold temperatures, and the lowest in broilers receiving mash feed under controlled (warm) temperature conditions. Therefore, as highlighted by Groves (1997) and Aftab and Khan (2005) , maintaining optimal temperature and ventilation in the poultry house is a very important factor in ascites prevention.
Stocking densities
Increased stocking densities contribute to the pulmonary hypertension syndrome, not only due to inadequate oxygen supply, but also due to injuries (Martrenchar et al., 1997; Scheele et al., 2005) .
Short daylight periods
Short daylight periods, particularly in fast-growing hybrids, can induce pulmonary hypertension syndrome. Shortening daylight periods at 3 to 4 days of age can reduce the incidence of ascites by 30 to 60%, as related with the reduced rate of growth during the first week of life; and providing broilers with 23 hours of light until day 35 results in satisfactory production performance (Decuypere et al., 2000) . Mortality due to ascites is reduced in broilers subjected to restricted lighting programmes compared to non-restricted birds (Hassanzadeh et al., 2003) .
Altitude
Ascites is also caused by altitude at which chicken facilities are located (Julian, 1998) . At every thousand metres of altitude, the partial pressure of oxygen decreases by about 7 mm of the mercury column (resulting in reduced oxygen availability in the lungs) (Druyan, 2012) . Due to the reduced concentration of oxygen at high altitudes, chicken houses should not be built at all in regions above 1800m (Maslić-Strižak et al., 2012) .
Genotype
Genotype of broiler chickens is another factor in the occurrence of ascites syndromes as the rate of broiler growth directly induces the pulmonary hypertension syndrome (Camacho et al., 2004) . Haemoglobin saturation is lower in fast-growing broilers than in slow-growing birds Al-Mesri and Hassanzadeh, 2010) . As it seems, lung volume in broilers has reached its limit to the blood flow that can be accommodated; therefore, further improvement in growth rate will require increasing the capacity of both the lungs and the abdominal cavity (Julian, 1993) .
Broiler sex
Broiler sex also causes ascites, which is more likely to occur in male broilers than in females (Julian et al., 1986; Bendheim et al., 1992; Camacho-Fernandez et al., 2002) . Separate sex feeding has been recommended (Curie, 1999) .
Diseases
The fungus Aspergillus fumigatus, the causal agent of Aspergillosis, causes severe cases of ascites due to its negative effect on respiratory tissues (Julian and Boulianne, 1988; Julian, 1993) .
Toxins in feed
Feed must be microbiologically safe, with no presence of toxins (Gupta et al., 2011) . Ascites in broilers is caused by hepatotoxin and high amounts of furazolidone in feed (Bhagat et al., 1990) , as well as by mycotoxins (Issac et al., 2010) .
Feed ingredients
The presence of antioxidant compounds (vitamins A, E, C, glutathione, uric acid, cysteine, glucose, enzymes: superoxide dismutase, catalase, glutathione reductase and glutathione peroxidase) in the circulation or at the level of the respiratory membrane may lessen cellular damage, prevent the induction of hypoxia, and thus reduce the incidence of ascites (Currie, 1999) .
Dietary supplementation with vitamin C, vitamin E and selenium can decrease the rate of mortality, as they are effective in reducing the generation of free radicals related to ascites (Hassanzadeh et al., 1997; Issac et al., 2010) .
When used in the diet of broiler chickens, tocopherol (Villar-Patino et al., 2002) improves body antioxidant status, thus preventing the incidence of ascites. As disturbance in cellular antioxidant status contributes to ascites, dietary supplementation with high concentrations of vitamin E has been recommended as a means of decreasing the level of oxidative stress in lung blood, given the low tocopherol concentrations in the liver and lungs of broilers affected by the pulmonary hypertension syndrome (Maslić-Strižak et al., 2012) .
When evaluating the effect of low ambient temperature on growth performance, ascites-related traits, antioxidant enzyme activities, and serum Troponin-T levels in male broiler chicks (Ross), as well as the effect of dietary vitamin E supplementation on ascites syndrome, Akşit et al. (2008) found no improvement in performance, molecular parameters of oxidative stress and myocardial damage after dietary supplementation with 200 mg/kg Vitamin E, regardless of some reduction in the rate of mortality due to ascites. However, this finding does not rule out the potentially beneficial effect of vitamin E supplementation in reducing ascites-related damage.
Basmacıoğlu Malayoğlu et al. (2009) examined the effect of dietary vitamin E (α-tocopheryl acetate) and organic selenium supplementation on the performance and antioxidant status of Hubbard-JV broilers fed n-3 PUFAenriched feeds, and determined that 1.5% fish oil may not cause significant oxidative stress in broilers.
In Cobb 500 male broilers receiving ad libitum water and a diet (23.7% protein; 3.200 kcal ME) supplemented with 15 (normal) or 100 IU dl-αtocopherol acetate (vitamin E) per kg, Iqbal et al. (2002) analysed fatty acid profile and activities of enzymatic antioxidants in pulmonary mitochondria and liver tissue associated with ascites and a high vitamin E supply, and suggested that high dietary levels of vitamin E reduced the levels of unsaturated fatty acids in lung mitochondria, thus increasing their resistance to lipid peroxidation and oxidative stress, and alleviating the oxidative stress caused by pulmonary hypertension syndrome.
Lin et al. (2005) found that maternal supplementation with high levels of vitamin E (120-160 mg/kg) in corn-soybean growing diets enhances antioxidant capability and depresses oxidative stress in chicks.
Optimal supply of broiler feeds with vitamin C as both an antistress factor and an antioxidant has also been recommended; moreover, vitamin C exhibits metabolic activity as it reduces resistance to blood flow through narrow capillaries of the lungs .
Vitamin C reduces the incidence of ascites and the associated pulmonary arteriolar muscularisation caused by cool environmental temperatures and dietary T 3 (thyroid hormone) supplementation (Xiang et al., 2002) . Also, Hassanzadeh et al. (1997) reported that vitamin C supplementation at 500mg/kg feed in Ross male broilers significantly decreased mortality due to ascites, which was attributable to low ambient temperatures or diets supplemented with T 3 , with no concomitant effect on broiler performance. Moreover, vitamin C significantly decreased plasma thyroid hormone levels.
In their research on the effects of dietary supplementation with vitamin C or vitamin E on cardiac lipid peroxidation and growth performance in Arbor Acres broilers at risk of developing ascites syndrome, Villar-Patino et al. (2002) determined better performance (growth rate, feed consumption, feed conversion) in broilers receiving vitamin C (400 mg of ascorbic acid/kg of feed) or vitamin E (75 mg of DL-α-tocopherol acetate/kg of feed) than in control birds, but found no difference in overall mortality and ascites-induced mortality as the result of feeding treatments. The same authors recommended limited levels of vitamin E in diets for older broilers (4 to 7 weeks of age) to reduce feed costs.
Ruiz-Feria (2009) studied whether supplementation of the basal diet with arginine (1% supplemental l-arginine monohydrochloride), vitamin E (200 IU of vitamin E per kilogram of feed) and vitamin C (500 mg/kg of vitamin C per kilogram of feed), used separately or in combination, improved cardiopulmonary performance in Cobb 500 broiler chickens, and found that cardiopulmonary performance improved and pulmonary hypertension reduced as the result of the additive effect of concurrent supplementation with vitamins E and C, and the associated oxidative stress reduction. For the same hybrid of broilers (Cobb 500) exposed to subnormal temperatures, Lorenzoni and Ruiz-Feria (2006) observed that arginine (0.3%, provided with water) improved pulmonary arterial relaxation, when used separately, and decreased pulmonary vasodilation performance, when combined with vitamin C. Tan et al. (2005) reported that, under cool ambient temperature conditions, mortality attributable to pulmonary hypertension syndrome was lower in broilers fed a maize-and soybean meal-based diet supplemented with L-arginine (1%) than in birds receiving no supplementation of this amino acid.
Arginine improved pulmonary vascular performance in broiler chickens reared under hypoxia, and even more so when combined with the antioxidant vitamins E and C. This suggests potential complementary or synergistic interactions between arginine and the antioxidant vitamins in reducing oxidative stress-related damage and, hence, improving cardiopulmonary performance (Bautista-Ortega and Ruiz-Feria, 2010).
Feed supplementation with flaxseed oil at 50 g/kg feed reduced, although non-significantly, the occurrence of ascites in broilers (Walton et al., 2001) , while in some cases the incidence of ascites was increased by supplementing vitamins E and C to these diets.
L-carnitine has received research attention for its antiperoxidative effect and role in increasing broiler heart weight. Tan et al. (2008) examined the effect of supplementation of basal diets with 100 mg/kg l-carnitine on mortality due to pulmonary hypertension syndrome in broilers of both sexes exposed to cold conditions, and suggested that supplemental l-carnitine may have increased the weight of the left side of the heart and, hence, reduced the incidence of pulmonary hypertension in the early growth stage.
When studying the effect of dietary supplementation with coenzyme Q 10 on growth performance and ascites in Arbor Acre male broiler chicks, Geng et al. (2004) found a preventive effect of dietary CoQ 10 on ascites induced in young broilers, with the best effects achieved at 40 mg CoQ 10 per kg feed. The authors reported that body weight gain, average feed intake and feed conversion ratio were not significantly affected by CoQ 10 supplementation in broilers during 0 to 21 days, 22 to 42 days, and 0 to 42 days, and that CoQ 10 supplementation significantly decreased the ascites heart index (AHI) compared with the control (P≤0.05), with 40 mg/kg CoQ 10 being more effective than 20 mg/kg. It is possible that CoQ 10 protects the cell membrane and cell structure against peroxidation, thus enabling cardiac myocytes and erythrocytes to be healthier and more tolerant to the metabolic stress.
Dietary electrolyte balance seems to be another factor in ascites prevention (Issac et al., 2010) .
Sodium is the major cation within the extracellular fluid, and plays a role in maintaining balance between basal and acid elements in the blood serum and plasma. Maslić-Strižak et al. (2012) stressed that high sodium concentrations in diets for broiler chickens contribute to pulmonary hypertension syndrome. Therefore, the authors recommended not more than 2000 mg sodium per kg of feed, and that not only the levels of Na from supplemental NaCl but also those from feed ingredients and drinking water should be taken into account when formulating feed for broilers. Specifically, if sodium is present in drinking water, its feed content is reduced by 1000-1500 mg/kg for every 500 mg/l of water, and drinking water for broiler chickens should contain less than 1000 mg/kg sodium. The adverse effect of Na on ascites is also reported by Mirsalimi et al. (1992) , whereas Gupta et al. (2011) gave special importance to the need to avoid excess sodium in broiler feed as sodium increases blood volume, thus causing pulmonary hypertension. also studied the effect of dietary sodium on right ventricular failure-induced ascites, weight gain and fat deposition in male Arbor Acres chickens, and found that increasing dietary levels of Na + from NaCl and NaHCO 3 increased ascites-induced mortality and day 3 to 4 body weight gain, and decreased day 42 body weight. No significant differences were observed in day 56 feed conversion or body weight, carcass weight, chilled carcass weight or abdominal fat-pad weight. The authors drew the following conclusions 1. Excess levels of dietary Na + cause pulmonary hypertension in broiler chickens, as determined by an increased ratio of right ventricle to total ventricle, and water Na + exhibits higher toxicity than feed Na + regardless of the additive effects of feed and water Na + .
2. The toxicity threshold concentration of Na + is about 0.12% in drinking water, and 0.20% in the feed; Na + toxicity in broiler chickens increases markedly above this threshold.
3. Cool temperatures and dietary Na + are triggers for pulmonary hypertension in broiler chickens. Ekanayake et al. (2004) evaluated the effect of different concentrations of supplemental sodium from NaCl (0.25%, 0.75%, 1.5% and 2%) in Arbor Acres male broilers on pulmonary hypertension-induced ascites and right ventricular failure. Significance was observed between cumulative mortality and incidence of ascites at day 43 (P<0.05). Also, there was a significant (P<0.001) effect of treatment on heart weight, right ventricle:total ventricle, heart weight:carcass weight and right ventricle:carcass weight with the increase in the dietary level of sodium.
In their analysis of the effect of age of exposure and dietary acidification or alkalisation on mortality due to broiler pulmonary hypertension syndrome, Owen et al. (1994) concluded that dietary supplementation with 1% sodium bicarbonate (NaHCO 3 ) reduced the incidence of ascites-induced death, in contrast to dietary acidification with ammonium chloride (1%), which increased the rate of mortality, but with no significance observed. The authors associated this phenomenon with the very nature of these compounds (NaHCO 3 reduces acidity as it is alkaline, whereas NH 4 Cl reduces alkalinity as it is an acid compound).
Water quality induces ascites only if it contains excess Na + . Ascites can be prevented by reducing water availability (Julian and Squires, 1995) .
Adding potassium carbonate to drinking water (1mg per litre of water) can reduce the incidence of ascites as this carbonate increases blood oxygen supply. However, broilers receiving potassium carbonate had the lowest body weights at day 42, as opposed to control birds and broilers receiving NaCl and NH 4 Cl through water (Shlosberg et al., 1998) . The same authors found that 10% feed restriction was also effective in reducing ascites, and that broilers fed feedrestrictive diets and those receiving 3mg KHCO 3 /l water had similar arterial blood oxygen saturation.
Unlike potassium, sodium ions (Na + ) seem to have high potential to cause ascites. Therefore, the use of KHCO 3 has been recommended instead of NaHCO 3 (Balnave and Gorman, 1993) .
Using feed ingredients rich in n-3 fatty acids (fish meal, fish oil, flaxseed oil, canola oil, etc.) for broiler chickens has proved useful in alleviating pulmonary hypertension syndrome as alpha-linolenic acid, found in these feedstuffs, is involved in the synthesis of some prostacyclins, which function as coronary relaxants (Issac et al. 2010) .
Feed form
Pelleting improves the hygienic safety of feed and reduces dustiness, thus improving air quality in the poultry house. However, pelleted feed has a number of disadvantages. Specifically, due to their better digestibility and intake preference for broiler chickens, pellets are a potential cause of ascites (Silva et al., 1988; Julian, 2000; Issac et al., 2010) . Bölükbasi et al. (2005) found that mash feed significantly reduced the incidence of ascites (P<0.05) compared to pelleted feed. Maslić-Strižak et al. (2012) recommended feeding diets in the mash form for fast-growing hybrids.
Deficiencies lead to severe rickets associated with weak ribs and breathing problems. As a consequence, hypoxic hypoxaemia occurs, inducing polycythaemia and increasing blood viscosity, thus provoking ascites. Under phosphorus deficiency, the release of oxygen from haemoglobin may be reduced (Julian, 1993) .
High dietary energy levels increase the growth rate of broilers and the incidence of ascites. However, as broilers are fed low-energy diets to a greater extent, they have a higher oxygen requirement for digestion. To reduce oxygen requirement, especially under warm conditions, some carbohydrates should be replaced with vegetable fat (Julian and Squires, 1995) .
Complete feeds for broiler chickens should be designed at low energy levels (Gupta et al., 2011) , with energy requirements satisfied by fats, rather than by glucose (Maslić-Strižak et al., 2012) . Limiting energy consumption through limited feed intake can affect metabolic rate and induce hypoxaemia in fastgrowing hybrids (Acar et al., 1995 , Balog, 2003 , Sahraei 2014 . Issac et al. (2010) also recommended low-energy diets, particularly in the early feeding period, when feed intake per unit of metabolic weight is the highest. Lipid peroxidation has been suggested to play a role in cardiac tissue degeneration as well as in the development of pulmonary hypertension syndrome.
Currie (1999) found that the oxygen requirement of broilers during the growing period is reduced by feeding a low protein and low energy diet during the first 14 days.
Broilers are subjected to a number of management practices aimed at limiting their growth rate. These practices, including feed restriction, nutrient density and diet form, indirectly reduce oxygen demand to partially counterbalance the physiological limitations; furthermore, research has focused on normalising red blood cell structure and function, and free radical scavenging activity (Baghbanzadeh et Decuypere, 2008) . Feed restriction programmes based on a skip-a-day or skip-two-days method used during the early growth period were effective in reducing the incidence of ascites.
Feed restriction
Given the genetic predisposition of fast-growing broilers to good appetite and eating until exhaustion, feed restriction (either quantitative or qualitative) during the first week of life can decrease the rate of mortality by 75% (Maslić-Strižak et al., 2012) .
Restricted feed consumption and, hence, reduced intake of nutrients can reduce the incidence of ascites in the flock and death of birds (Shlosberg et al., 1991) . As there is a direct correlation between metabolic rate and ascites, the incidence of ascites can be reduced by limiting growth rate through feed restriction programmes using mash diets, feeds low in nutrients, and supplemental antioxidants and omega-3 fatty acids (Singh et al., 2011) .
Feed restriction resulted in a 7% reduction in feed consumption, including the intake of microelements essential for proper bone formation, mainly vitamin D 3 , Ca, P, Zn and Cu. The high incidence of leg disorders in broilers receiving restricted feed with no microelement supplementation was due to the deficiency of essential microelements. This result was supported by the findings from the feeding treatment with 5% of supplemental amino acids, vitamins and minerals. As indicated by the results, quantitative feed restriction, which started at 7 days of age, with microelement supplementation administered to broiler diet, was effective in reducing total mortality, ascites-induced mortality and leg problems in broiler chickens. Moreover, under this feeding programme, the compensatory growth of feed-restricted broilers was sufficient to match the production and carcass properties of control birds at 49 days of age (Camacho et al., 2004) . Arce et al. (1992) found that, under different broiler feeding systems (ad libitum, eight hours per day, 10% below that of full-fed controls), the incidence of ascites was significantly reduced by both feed restriction methods, while growth rate was slightly increased. Skip-a-day feeding programmes, employed at days 7-13 or 15-21 of broiler age, were also efficient in preventing ascites, with no decrease in growth rate and no deterioration of the feed conversion ratio. Maxwell and Robertson (1997) suggested using a skip-a-day programme during the starter stage, beginning from day 7 until day 13 of age, and feeding a lowprotein diet to reduce the incidence of ascites from over 30% to 5%.
Having analysed broiler sex, highly concentrated energy diets, low energy diets, time-restricted feeding, feeding ad libitum and restricted feeding (90%), Camacho-Fernandez et al. (2002) recommended the use of restricted feeding (through feeding time restrictions or feed ration restrictions) as the most efficient method in terms of feed efficiency, ascites-induced mortality and carcass yield, and found that 10% feed restriction achieved the highest profit on a live weight or carcass basis.
Broiler rearing systems involving low growth rates considerably decrease the incidence of ascites (Druyan et Cahaner, 2007) . Kalmar (2013) recommended growth restriction either through quantitative feed restriction (by decreasing the daily feed intake or by providing periodic feeding, through day length reductions) or qualitative feed restriction (use of low-energy feeds).
Conclusion
Ascites is a complex issue continuously occurring in poultry production. Causes of ascites are very difficult to identify. Proper broiler nutrition is a major non-genetic factor responsible for the success of poultry meat production, as well as for the prevention of ascites and the associated damage. Advances in poultry selection must involve appropriate feeding systems, proper feed formulations, use of nutritive and non-nutritive feed additives, etc. Further research should be based on determining a proper rearing and diet management system devoid of any reason for the incidence of the pulmonary hypertension syndrome.
